Microtubules and microfilaments play important roles in cell morphogenesis. The picture emerging from drug studies and molecular-genetic analyses of mutant higher plants defective in cell morphogenesis shows that the roles played by them remain the same in both tip-growing and diffuse-growing cells. Microtubules are important for establishing and maintaining growth polarity whereas actin microfilaments deliver the materials required for growth to specified sites. The recent cloning of several cell morphogenesis genes has revealed that conserved mechanisms as well as novel signal transduction pathways spatially organize the plant cytoskeleton.
Introduction
Polarized growth of higher plant cells is considered to follow either of two mechanisms: tip-growth, during which growth is limited to a small region of the cell and diffuse; or intercalary growth, where cell expansion takes place at all surfaces. Tip growth is believed to be limited mainly to root hairs and pollen tubes, and most other cell types are thought to expand by diffuse growth. Tip-growing cell growth was shown to depend on the actin cytoskeleton which has led to the misconception that during tip-growth microtubules have little or no role [1] . Conversely, the correlation of rearrangements of microtubule arrays with the directionality of turgor-driven growth in various cell types has led to the suggestion that such growth involves microtubules mainly and that actin plays only a minor role. Over time, tip growth and diffuse growth have begun to be viewed as separate processes [1] .
A comparison of the respective roles of microfilaments and microtubules in various cell types of higher plants has led to a reassessment of this view. It now appears that all cells, irrespective of their growth focus, use microtubules for polar-axis determination and microfilaments for the targeted delivery of components necessary for growth. In this review we discuss the general role of microtubules and microfilaments in cell morphogenesis as revealed by drug-based studies, and their regulation as uncovered by the molecular characterization of cell morphogenesis mutants.
Cell Responses to Microtubular and Microfilament Disrupting Drugs
One basic difference between animal and plant cells is that plant cells are encased by a rigid cell wall. During cell expansion an inner osmotic pressure -cell turgor -exerts a force that impinges on the restraining cell wall. In this situation a cell will grow only where the cell wall is remodeled. The role of microtubules and microfilaments during cell growth has been dissected by using specific drugs that disrupt cytoskeletal function, and is summarized in Figure 1 . As detailed below, the cellular phenotypes elicited suggest that microtubules and microfilaments have distinct functions in cell morphogenesis.
Role of Microtubules during Cell Morphogenesis
Microtubules have frequently been found aligned with wall microfibrils that are arranged like 'hoops around a barrel' in an orientation transverse to the direction of cell expansion. Microtubule orientation is thus believed to determine the direction of growth though deviations in microtubule-microfibril coalignment have been reported in certain cell types [2, 3] . The coalignment of microfibrils and microtubules suggests that the microtubule cytoskeleton is responsible for targeting membrane and wall material required for building a cell and thereby determining growth direction.
Microtubule drug treatments in diffuse growing cells appear to support this. Cells of the leaf epidermis, hypocotyl, and root with impaired microtubules swell isotropically (Figure 1 ), suggesting that growth takes place but its directionality is lost [4, 5] . Similarly, branched, anisotropically growing leaf trichome cells lose their branching capability and become globular following similar treatment (Figure 1) [6] .
In tip-growing root hair cells, under normal conditions a single trichoblast gives rise to one root hair [7] . Trichoblasts on Arabidopsis seedlings treated with microtubule drugs often have more than one root-hair initiation site and thus multiple root hairs [4, 8] . This implies that the selection of a site for focusing tip growth may depend upon microtubules. Further, microtubule drug treatment of elongating root hairs also results in their becoming branched through the formation of multiple tips (Figure 1 ), suggesting that microtubules are important for maintaining one growth axis [8] .
This view is supported by the finding that in microtubule drug-treated root hair cells, but not in untreated root hairs, new tips can be initiated by locally applying Ca 2+ . Normally, root hairs show a tip-focused Ca 2+ gradient which appears to be critical for tip focused growth because dissipating this gradient with specific buffers or channel blockers arrests tip growth. Manipulations of Ca 2+ concentration in the tip region may result in a new growth directionality but elicit no effect in more distal regions of the root hair cell [8] . Therefore, the finding that Ca 2+ can induce new growth centers only in the absence of microtubules shows that microtubules are important for maintaining growth polarity.
In further support of a role of microtubules in determination of growth directionality, it was shown that transient microtubule stabilization could trigger morphogenetic events in unicellular Arabidopsis trichomes. Transient stabilization of microtubules in elongating trichomes of the unbranched stichel mutant and less-branched zwichel mutant using taxol was sufficient to initiate branch-like outgrowths [6] .
Taken together, the phenotypes obtained by microtubule drug treatments suggest that microtubules are important for initiating changes in growth directionality, as well as maintaining growth directionality in both diffuse and tip-growing cells. As growth itself remains unaffected in such treated cells, microtubules do not appear to be involved in the transport of cell membrane and wall material required for growth. As actin drug treated cells show no initial defects in growth directionality the actin cytoskeleton does not appear to be involved directly in establishment or maintenance of growth directionality. On the contrary microtubule defects disturb growth axiality without perturbing the actin cytoskeleton-based movement and delivery of vesicles, and result in a different cellular phenotype ( Figure 2C ). In summary, the relative roles of microtubules and microfilaments are similar to those in other eukaryotes except that a large percentage of subcellular trafficking in higher plants is actin rather than microtubule-dependent. This suggests that the transport machinery in plants may differ considerably from that in animal cells. Indeed dynein motors and associated proteins appear to be absent in higher plants [19] . There is increasing evidence, however, that the choice of a particular cytoskeletal track for intracellular motility may be subject to conditions of growth and development and that, in both animal and plants, some organelles may switch from one cytoskeletal track to another [20, 21] . Net extension of a given microtubule is regulated by controlling the polymerization and depolymerization rates at its ends [36] . In animals and yeast, the microtubule minus end remains either embedded or in the vicinity of a microtubule organizing center (MTOC) and is thus protected from destabilization. Higher plants lack well-defined MTOCs and the rapid reorganization and reorientation of microtubules in their absence still remains one of the most intriguing areas of plant cytoskeletal research [37] .
Role of Actin Microfilaments during Cell Morphogenesis

Genetic and Molecular Analysis of the Cytoskeletal Function in Cell Morphogenesis
One way by which new ends, each capable of fresh polymerization and depolymerization, can be generated is by cutting an existing microtubule into smaller segments. This can be achieved by the action of microtubule-severing proteins such as katanins. Katanins are conserved, heterodimeric proteins comprising a p60 subunit that severs microtubules and a p80 subunit required for targeting the protein complex to its intracellular site of action [38] . Mutations in katanin p60 have recently been isolated in Arabidopsis [39-41]. Microtubule organization is altered in such mutants -botero1, fat root, fragile fibre2, ectopic root hair 3 -and leads to multiple cellular defects (Table 1) .
Microtubule dynamics and associated processes can also be controlled through selective stabilization of microtubules. A putative stabilizer of microtubules has recently been identified with the cloning of the MICROTUBULE ORGANIZATION 1 (MOR1) gene in Arabidopsis. MOR1 encodes a homologue of the TOGp-XMAP215 class of microtubule-associated proteins that are conserved through the different kingdoms [42] . The mor1 mutant phenotype is characterized by disorganized cortical microtubules at elevated temperatures suggesting that MOR1 is important for the stabilization of microtubule arrays [42, 43] .
Among the large number of kinesins and kinesin-like motor proteins that have been discovered in higher plants only one, KCBP/ZWICHEL, has so far been shown to be involved in the control of cell morphogenesis [44] [45] [46] . KCBP/ZWICHEL is a kinesin bearing a calmodulin-binding domain and acts as a minus-enddirected motor protein in in vitro assays [45] . zwichel mutants have short, swollen and less branched trichomes, slightly reminiscent of microtubule drugtreated trichome phenotypes [46] .
It is still unclear whether ZWI is involved in cargo movement or, as suggested by the isolation of a suppressor of zwichel (SUZ2), whether ZWI may play a role in stabilizing microtubule subpopulations required for reorienting microtubules [47] . Motor proteins are known to stabilize and nucleate microtubules [48] , and in the absence of bona-fide MTOCs in higher plants the formation of transient, stable microtubular foci may well serve the purpose of reorienting growth directionality.
Microtubule organization is also altered in the an (angustifolia) mutant [49] . ANGUSTIFOLIA is a novel carboxy-terminal binding protein/Brefeldin A ADP-ribosylated substrate (CtBP/BARS)-related protein that interacts with ZWI in a yeast two-hybrid screen suggesting that the two proteins may act together to organize microtubules [50] .
Molecular Analyses of the Actin Cytoskeleton
Actin filaments (F-actin) are polymers composed of monomeric G-actin. The formation and stability of actin filaments is controlled by factors that affect actin nucleation, actin monomer sequestration, actin polymerization and depolymerization kinetics and in the creation and tightening of actin filament bundles [24, 51] . Similar proteins have been found in higher plants though functional studies have not been carried out in most cases [51] .
The only putative actin cytoskeleton regulatory gene that has been identified is the BRICK1 in maize. In brick1 mutants, the formation of lobes in epidermal cells does not occur [52] . In wild-type maize leaves, lobe formation correlates with an accumulation of actin at the growth site which is also absent in brick1 mutants. It is therefore assumed that the novel 8 kDa protein encoded by BRICK1 is involved in the regulation of actin organization. As BRICK1 is highly conserved in animals and yeast its further characterization may lead to the understanding of new actin-dependent aspects of cell polarization [52] .
Much of our current knowledge of the role of actinassociated proteins in cell morphogenesis is based on over-expression and antisense studies of proteins of the ADF/cofilin and profilin families [53, 54] . Transgenic Arabidopsis over-expressing ACTIN DEPOLYMERIZA-TION FACTOR 1 (AtADF1) have reduced plant size, fewer actin cables, and aberrant hypocotyl and root hair cell growth. Transgenic plants with reduced levels of AtADF1 have an increased size with a notable increase in the average length of root hairs [53] .
Opposite effects on plant growth are seen with overexpression of PROFILIN1; plants have longer roots and root hairs. Reduction of PROFILIN1 levels to 50% of wild type gives dwarf plants with short roots, nearly isodiametric hypocotyl cells and a rough epidermis Current Biology R673 The analysis of FASS/TONNEAU2 has revealed a novel pathway regulating microtubule organization and cell polarity. Plants mutant for FASS/TON2 lack the preprophase band, a plant specific, microtubule and actin-containing ring that marks the future cell division plane [65] . Cell divisions that take place in such mutants are random, suggesting a role for FASS/TON2 in the establishment of cell polarity.
Signaling to the Cytoskeleton
FASS/TON2 encodes a putative novel protein phosphatase 2A regulatory subunit and is probably involved in the control of the phosphorylation status of proteins [66] . A role for protein phosphorylation in regulating microtubule cytoskeleton dynamics has been shown using phosphatase inhibitors such as calyculin A and okadaic acid [67] . The specificity of the fass/ton2 phenotype shows that this gene specifically controls a hitherto undefined process involved in cell polarity establishment via the control of phosphorylation.
Perspective
The picture emerging from drug studies and molecular and genetic studies in higher plants is that the roles of microtubules and microfilaments are similar in both tip and diffuse growing cells. Microtubules are important for establishing and maintaining growth directionality and focus, whereas microfilaments are required for delivering material to the actual growth sites. Beyond these generalities it remains to be determined how microtubules and the actin cytoskeleton act in concert in higher plants. For example, is it actin that marks a new growth site and recruits microtubules or is it microtubules that respond first to a cue and guide actin microfilaments?
That novel mechanisms are expected to be discovered is evident from various plant-specific phenomena such as the existence of a preprophase band that accurately marks the position of the division plane, the lack of microtubule-organizing centers, the apparent absence of minus end directed dynein motor molecules and the finding that intracellular movement of cell organelles is predominantly actin rather than microtubule-based.
The molecular characterization of morphogenesis mutants such as the distorted mutants in Arabidopsis [10, 11] , lilliputian in maize [68] , and yin-yang mutant in rice [69] , and the development of new marker lines enabling us to monitor intracellular processes in vivo may provide the means to unravel how the plant cytoskeleton controls cell morphogenesis.
Note Added in Proof
Recent reports provide information on the involvement of microtubules [70, 71] , and actin cytoskeleton [72] in cellular morphogenesis. Using field emission scanning electron microscopy Burk and Ye [70] present new observations on altered orientation of cellulose microfibril deposition in the katanin mutant fra2. They conclude that cortical microtubules play a direct role in determining the direction of cell elongation. Observations on radially swollen 4 (rsw4) and rsw7 mutants of Arabidopsis, however, show that in swollen roots of both mutants, cortical microtubules are neither depleted nor disoriented. As microtubulemicrofibril orientation is insufficient for limiting radial expansion, other factors, supplied in part by RSW4 and RSW7, may be necessary for maintaining growth anisotropy [71] .
The direct effects of missense mutations in an Arabidopsis actin gene (AtACTIN2) have been seen in deformed root hairs1 (der1) mutants [72] . Observations of der1 suggest that ACTIN2 is involved in selection of the correct site for bulge initiation during early root hair development as well as in later tip growth.
